Lower head failure and corium-concrete interaction were predicted to occur at Fukushima Daiichi Unit 1 (1F1) by several different system-level code analyses, including MELCOR v2.1 and MAAP5. Although these codes capture a wide range of accident phenomena, they do not contain detailed models for exvessel core melt behavior. However, specialized codes exist for analysis of ex-vessel melt spreading (e.g., MELTSPREAD) and long-term debris coolability (e.g., CORQUENCH). On this basis, an analysis was carried out to further evaluate ex-vessel behavior for 1F1 using MELTSPREAD and CORQUENCH. Best-estimate melt pour conditions predicted by MELCOR v2.1 and MAAP5 were used as input. MELTSPREAD was then used to predict the spatially dependent melt conditions and extent of spreading during relocation from the vessel. The results of the MELTSPREAD analysis are reported in a companion paper. This information was used as input for the long-term debris coolability analysis with CORQUENCH.
(TEPCO) using MAAP [3, 4] . Additionally, containment atmospheric monitoring system and reactor pressure vessel (RPV) temperature data, as well as energy balance analysis, suggested that melt has exited the RPV [5] [6] [7] . Both MELCOR and MAAP are capable systems-level modeling tools that capture a wide spectrum of accident phenomena in a tractable manner. However, for ex-vessel sequences, specialized codes containing more detailed modeling are available for the analysis of melt spreading (e.g., MELTSPREAD [8, 9] ), as well as debris coolability during MCCI (e.g., CORQUENCH [10, 11] ).
The objective of this work is to use CORQUENCH to provide more rigorous, best-estimate predictions and analysis of the long-term ex-vessel MCCI following postulated vessel failure at 1F1. The analysis is based on best-estimate melt pour conditions from MELCOR [1] and MAAP [2] simulations and bestestimate spreading results from MELTSPREAD [12, 13] . Other general goals of the study are to (1) provide results for comparison against MELCOR and/or MAAP results, (2) scope out the range of possible final debris configurations in containment, and (3) identify uncertainties in the predictions.
The approach used melt pour conditions following RPV failure obtained from the MELCOR [1] and MAAP [2] analyses as input to MELTSPREAD to generate predictions of melt spreading, basemat attack, cladding oxidation (viz. H 2 /CO production), debris cooling, and drywell liner attack during the transient spreading phase. Since cavity conditions during the accident are uncertain, a sensitivity study was performed in MELTSPREAD to evaluate the effect of the presence/absence of water on the cavity floor, melt pour rate and temperature, and sump cover plate failure on the global spreading behavior. MELTSPREAD and CORQUENCH are two separate and distinct computer codes. Thus MELTSPREAD was used to define tabular input for CORQUENCH, which in turn evaluated the long-term debris cooling behavior [12, 13] . A parametric study was also conducted with CORQUENCH to evaluate the effects of various modeling options and boundary condition parameters.
A brief summary of CORQUENCH's modeling capabilities and validation status is provided first, followed by a description of the case scenarios and modeling assumptions used in the 1F1 analysis. The main results are then presented, followed by a summary of key findings from this study.
CORQUENCH DESCRIPTION
CORQUENCH [10] was originally developed to provide a simple, modular model of MCCI behavior that could readily be adapted to investigate the adequacy of melt/water heat transfer correlations as they were developed. It is capable of performing either a one-dimensional (1-D) or simplified 2-D ablation calculation (rectangular notch or cylindrical).
The MCCI conservation of energy equation includes the following energy source/sink terms: (1) decay heat; (2) mass flux of melt from the failed reactor pressure vessel; (3) chemical reactions between the metallic melt constituents Zr, Cr, Fe (in sequence) and concrete decomposition gases H 2 O and CO 2 ; (4) condensed-phase chemical reactions between Zr and SiO 2 ; (5) downward (and sideward for the 2-D case) heat transfer to concrete; and (6) heat transfer to the overlying atmosphere (wet or dry). The melt composition can range from fully metallic to fully oxidic. The metallic and oxidic phases are assumed to be well mixed. The MCCI conservation of mass equations and thermophysical property subroutines consider most core and concrete metals and their corresponding oxides.
In terms of heat transfer at the melt/concrete interface, CORQUENCH incorporates a transient concrete ablation/decomposition model that accounts for the effects of transient concrete heat-up with simultaneous crust growth following initial melt contact with the concrete. The heat transfer coefficient at the melt/concrete interface can be selected from a variety of options, including (1) slag film model with bubble agitation, (2) gas film model, or (3) empirical correlations based on MCCI test results.
At the melt upper surface, radiant heat transfer to the overlying structure is calculated when the cavity is dry. When water is present, bulk cooling and incipient crust formation are calculated. Following incipient crust formation, crust growth is calculated by solving a growth rate equation; the crust material composition is treated separately from the melt material composition, which is important in long-term calculations in which significant mass may be frozen in the crust. For the case in which the crust is treated as permeable to water ingress, either the crust dry-out limit can be calculated using a user-specified crust permeability, or the dry-out heat flux can be calculated using the Lomperski-Farmer model [14] . Particle bed formation by the mechanism of melt eruptions is also evaluated. For situations in which water is present and a particle bed develops over the crust, the heat flux from the crust upper surface may be limited by the particle bed dry-out limit. One significant model shortcoming is that the code currently cannot correctly model situations in which the debris may dry out or be undercooled by virtue of inadequate water flooding supply. The scenario in which there is insufficient water addition to keep the debris covered with water is bounded by scenarios that assume either the debris is always covered by water or always dry.
The code includes a model to mechanistically calculate the occurrence of crust anchoring to test section sidewalls, as well as the subsequent melt/crust separation phase that arises as a result of concrete densification upon melting. This is an important experiment distortion, stemming from the size of the tests. The melt void fraction, which is relevant in determining the location where the crust anchors to the test section sidewalls in experiments, can be evaluated from one of several different correlations. Melt viscosity is calculated with a correction for SiO 2 and enhancement due to solids buildup within the melt.
CORQUENCH validation efforts have focused primarily on oxidic reactor material experiments. The approach for the code validation was to make a common set of user-specified modeling assumptions and apply those assumptions for all the analyzed tests. The validation matrix includes, wet and dry cavity tests 1-D and 2-D experiments, as well as tests conducted with siliceous, limestone-common sand, and limestone-limestone concrete. Descriptions of the validation matrix and results are provided in Ref. [10] .
SUMMARY OF CASE SCENARIOS AND MODELING ASSUMPTIONS

Drywell Modeling Representation
To capture the spatial variation in melt depth and concrete ablation, the containment was divided into six regions: sumps (1), inner pedestal (2), inside edge of the pedestal (3), doorway (4) between the drywell and pedestal, an area extending from the doorway to the drywell liner (5) , and the far-field drywell (6) . These regions are numbered and illustrated in Figure 1 . The containment has not previously been divided into computational regions for CORQUENCH simulations, and the methodology was developed as part of this work. Each region is modeled independently; i.e., there is no heat or mass transfer between regions as time progresses.
The 1F1 containment is a Mark I design. The regions were modeled in CORQUENCH using the three basic geometric modeling options available. The sumps (1) are modeled as 2-D cylindrical cavities with concrete walls that are higher than the melt. In reality, the sumps are square and the accumulated melt depth above the height of the sumps will not be in direct contact with the sump walls. However, based on the spreading results [13] , most of the melt in the sumps would be in contact with the sump walls for all cases. The floor areas of the sumps (2.1025 m 2 each) were conserved so that the melt height was conserved. Only one sump was simulated, and the results were assumed to be the same for the other sump. The inner pedestal region (2) included 10.851 m 2 of area between and around the sumps. This region was modeled using the 1-D geometry option. The pedestal edge (3) region was modeled using a 2-D cylindrical geometry similar to that for the sumps. The diameter of the cavity was the same as that of the actual pedestal, 5.0 m. The amount of melt per unit of area in the edge region, as determined from the MELTSPREAD results, was extrapolated to fill the inner portion of the 2-D cylinder. This conserved the melt height at the pedestal walls and the pedestal curvature. These parameters were conserved in order to conserve the heat and mass transfer at the walls. Other important parameters, such as combustible gas generation during core-concrete interaction, were scaled appropriately. The doorway region (4), the area outside the doorway (5), and the far-field drywell (6) were modeled as 2-D notch geometries. The doorway region (4) was modeled as a rectangular area (1.2 m 2 ) with two 1.2 m long concrete walls and two 1.0 m long adiabatic walls. The 90º spreading sector outside the pedestal door exit region (5) was modeled as a rectangular area (9.69 m 2 ) with two 3.4 m long concrete walls and two 2.85 m long adiabatic walls. The drywell (6) region included all of the drywell floor area except for the doorway exit region, which was covered in melt. The drywell was modeled as a rectangular area with two adiabatic walls 2.85 m in length (width between the pedestal and drywell liner). The floor area and concrete wall lengths were specified for each case to conserve the spread area predicted by MELTSPREAD.
Although the method used to discretize the containment for CORQUENCH simulations enables spatial variations of ablation to be evaluated, there are a few compromises and limitations associated with the technique. The heat transfer between regions is not captured. However, the cross-sectional area of melt in neighboring regions is much lower than that in contact with concrete and water (or the containment atmosphere), and the lateral heat transfer would be much lower than the heat transfer to the water (or atmosphere) and concrete. Mass transfer between regions, after the initial spreading, is also not modeled. The swelling of the melt by the gases released during concrete ablation may cause regions of the melt to rise and spread to other regions. Finally, radial ablation may cause regions to expand into one another. This effect will increase with the extent of radial ablation, but for most regions this influence is expected to be negligible.
In the 2-D notch geometry modeling option, CORQUENCH does not currently have the capability to independently specify each wall material. Therefore, the liner wall is modeled as concrete. Concrete ablation starts at 1500 K, which is lower than the melting point of the liner (~1810 K). In addition, CORQUENCH does not contain a detailed liner heat transfer model like that implemented in MELTSPREAD. Therefore, the ablation predictions by CORQUENCH, near the liner, are conservative. A more rigorous investigation of the melt-liner interface with the MELTSPREAD code is discussed in the companion paper [13] . 
Drywell Liner Pedestal Wall
Case Definition
Scenario input to CORQUENCH
The 1F1 plant response was previously evaluated independently with MELCOR v2.1 [1] , by Sandia National Laboratories, and MAAP5 [2] , through EPRI. These analyses were carried out up through the point of reactor vessel failure and discharge of the core melt into the reactor containment. Three pour scenarios from those analyses were used as input for MELTSPREAD analyses. These pour scenarios are summarized in Table I . a Calculated with CORQUENCH subroutines given composition and melt pour temperature b Approximate; based on plant data [12] .
One pour scenario was based on the pour predicted by MELCOR. It is a low-pressure sequence (with respect to RPV pressure) in which the vessel is predicted to fail at 14.27 h, leading to the gradual discharge of ~ 141 t of core debris into the drywell. The debris temperature just before the vessel failed ranged from 1850 to 2100 K. In this range of temperature, the melt is quite viscous because of the concentration of solids. The other two pour scenarios were based on low-pressure (MAAP-LP) and highpressure (MAAP-HP) scenarios. In the MAAP-LP scenario, the vessel failed at 10.11 h, leading to rapid discharge of ~140 t of core debris into the pedestal. The water depth in the drywell for the MAAP-LP scenario was ~20 cm at vessel failure. The debris temperature at vessel failure was 2751 K; thus the melt was superheated by ~160 K relative to the oxide phase liquidus. In the MAAP-HP scenario, the vessel failed at 8.14 h. The pour mass and composition were similar to the LP scenario, except that the melt was more superheated (i.e., 210 vs. 160 K) and the pour duration was shorter.
MELTSPREAD was then used to evaluate the three melt pour scenarios (MELCOR, MAAP-LP, MAAP-HP). Several cases were evaluated for each sequence to examine the sensitivity of the spreading behavior to several factors. The cases are summarized in Table II . Cases 1-4 were simulated for all three pour scenarios. Cases 5-6 were simulated only for the MELCOR pour scenario. The MELTSPREAD simulations provide detailed melt locations, compositions, and temperature as well as the concrete ablation depths as functions of time and position, which are discussed in a companion paper [13] .
For the MELCOR cases, MELTSPREAD predicted essentially no concrete ablation or additional cladding oxidation during the spreading phase. For the MAAP cases, MELTSPREAD predicted a modest amount of concrete ablation during the spreading phase (~2 m 3 in volume, principally located in the pedestal doorway and just outside the door). The MAAP-LP and -HP scenarios yielded similar amounts of ablation (i.e., average slag content in the melt was 2.5 and 2.8 wt % for the LP and HP scenarios, respectively). The three sets of melt composition (see Farmer et al. [13] and Table I ), were used for all CORQUENCH simulations of the MELCOR, MAAP-HP, MAAP-LP scenarios. The relative fraction of oxide to metallic components in each of the six CORQUENCH computation regions (from the MELTSPREAD output) was conserved in the CORQUENCH simulations. Table III summarizes the initial collapsed melt thicknesses and temperature in each of the discretized cavity regions for each of the best-estimate MELTSPREAD cases. For the MAAP cases, the melt thicknesses in the doorway and door exit regions were greater than in neighboring regions. The difference was due to concrete ablation occurring in the doorway and door exit regions during the spreading process. 20 / 2438 13 / 2366 a Case is considered the "best estimate" with respect to the melt pour and spreading analysis.
For the MELCOR cases, a large fraction of the melt was predicted to be solidified by the end of the MELTSPREAD simulation. CORQUENCH currently does not have the ability to model re-melting of solid debris when the debris is completely solid at the start of the simulation. Thus, to investigate the long-term coolability of the melt for this scenario, the initial melt temperature in CORQUENCH was artificially increased to 2110 K, a few degrees above the average core debris solidus temperature (2108 K) for the oxide-metal mixture predicted by the CORQUENCH property subroutines [12] . CORQUENCH was then used to determine the long-term coolability of the melt with its advanced coolability and concrete ablation models. Thus, with this assumption, CORQUENCH evaluated the cooling behavior of a highly viscous melt interacting with concrete with an initial solid content of ~78%.
For the MAAP-HP and MAAP-LP cases, the temperature of the melt at the end of the spreading phase was still relatively high. The initial temperature in each of the CORQUENCH computational regions was specified based on the local temperatures predicted by MELTSPREAD at the end of the spreading phase (taken to be 120 s). These temperature distributions are summarized in Table III. The composition of the concrete used in the construction of the Fukushima Daiichi plants is not known. Limited sampling has shown the concrete to have a high silicon and low calcium content [15] , which is consistent with a siliceous type concrete. For use in comparison with other MELCOR analyses [1] , the composition was chosen to be the same as the default basalt concrete composition, a form of siliceous concrete, which is embedded in MELCOR. For the duration of the simulations, the containment pressure (0.75 MPa), far field structural temperature (322 K), and emissivity (0.6) were held constant at the prescribed values. The dry-out of free water in the concrete was assumed to occur at the containment saturation temperature.
Two long-term containment conditions were investigated. In the first case, the cavity was assumed to remain dry until 15 h after SCRAM. At this point the cavity was then assumed to be flooded. As a bounding scenario, a case without water addition was also evaluated as part of the CORQUENCH parametric study. These two long-term containment conditions bounded the melt progression envelope.
In terms of CORQUENCH modeling options, all cases were executed using the concrete transient heat-up and decomposition (dry-out) model [10] . Any melt-concrete interstitial crusts were assumed to be porous, allowing slag to flow through the crusts into the melt. Based on validation calculations [10] , the critical heat flux multipliers for determination of bulk cooling and film boiling breakdown were set at 0.5. The correlation by Farmer was used to model melt eruptions [16] . For cases in which particle beds formed, the bed porosity and average particle diameter were set to 40% and 2.8 mm, respectively; these values are based on post-test examination results reported as part of the MACE program [17] . Water ingression was calculated using the Lomperski-Farmer correlation developed as part of the OECD/MCCI program [14] . The empirical constant C in this model was set to 9.0 based on previous code validation work [10] . The crust anchoring modeling option was disabled. The impact of the crust anchoring phenomenon was investigated in the CORQUENCH parametric study (Section 4.2). The zirconium was assumed to be in solution with the core oxide phase, and condensed phase chemical reactions between Zr and SiO 2 were modeled. The top crust thermal conductivity was calculated using the code property subroutines. The effect of solids buildup in the melt was modeled with the Ishii-Zuber correlation with the maximum solids fraction set at 1.0. The effective melt freezing temperature was based on the solidus temperature for the metal and oxide phases. Melt void fraction was modeled using the correlation by Brockmann [10] .
All cases were performed with a uniform time step of 0.05 s. The low time step was required for some cases to capture the transient growth of the thermal boundary layer in the concrete. The cases ended when either 2 days of real time simulation had passed, or the melt was completely solidified
The following nomenclature is used to indicate the case analyzed: Pour Scenario-MELTSPREAD Case-CORQUENCH Case. The "Pour Scenario" refers to either the MELCOR, MAAP-LP, or MAAP-HP pour scenario. The "MELTSPREAD Case" refers to the case number from Table II , and "CORQUENCH Case" refers to the case letter from Table IV. For example, MAAP-HP-3-A refers to the MAAP-HP melt pour scenario, the -3 MELTSPREAD case (dry cavity), and the -A CORQUENCH case (base case). 
RESULTS
For the three melt pour scenarios, a total of 14 MELTSPREAD simulations were conducted. For each of the 14 MELTSPREAD cases, 7 CORQUENCH parametric cases were simulated (Table IV) . Each of these included separate simulations for the six regions in containment. Altogether, 588 CORQUENCH simulations were conducted [12] . Section 4.1 discusses the base case CORQUENCH results, while Section 4.2 summarizes the results of the parametric study.
Base Case Results
The melt was predicted to be coolable and quenched before the end of the simulation for the MELCOR-1-A, MAAP-HP-3-A, and MAAP-LP-4-A cases. Table V provides the time until melt solidification in the various regions (see Figure 1) for the three cases. Table VI provides the total axial and radial ablation in the various regions for the three cases. In the MELCOR-1-A case, the melt quickly formed crusts at the melt-concrete interface. The interstitial crust acted to insulate the concrete from the melt and reduced or eliminated early concrete ablation. At the start of the CORQUENCH simulation, it was assumed water had already flooded the containment at 15 h after SCRAM. The melt was readily quenched by the overlying water. The sump region, where the melt pool was the deepest, underwent the most concrete ablation (13 cm axial, 20 cm radial) and took the longest (151 min) to solidify. The other regions (inner pedestal, pedestal edge, doorway, door exit, and drywell) experienced minor concrete ablation and the melt was readily cooled within 63 min of CORQUENCH simulation time.
The MAAP-HP-3-A case resulted in greater concrete ablation than the MELCOR-1-A case. All regions were predicted to be coolable and to eventually solidify. The high initial melt temperature (2443-2763 K) prohibited early crust formation at the melt-concrete interface. The sump region was predicted to experience approximately 64 cm of axial and radial concrete ablation before the melt solidified. This is less than the distance of the concrete between the sumps and the steel liner. The melt in the sumps took nearly 23 h to solidify after the onset of the melt pour. The melt in the regions other than the sump was predicted to solidify within 28-88 min after water addition at 15 h with moderate amounts of concrete ablation, 11.4-23.4 cm. For each region in each case, the axial and radial ablation depths are similar. This is due to the use of the same heat transfer and ablation model for the bottom and sidewalls. This is in contrast to experimental results using siliceous type concretes (i.e. MCCI-CCI-1 and CCI-3). In the MELCOR-1-A case, interstitial crusts formed at the concrete interface. Differences in the wall length scale, which influence
Figure 2. Final Cavity Profile for MELCOR-1-A (A) and MAAP-HP-3-A (B).
A B the predicted failure of the crusts, are the cause for the differences in the axial and radial ablation in each region for the MELCOR-1-A case. There is ongoing work to understand and model the causes for anisotropic ablation [18, 19] .
The total amount of hydrogen, carbon monoxide, and carbon dioxide generated during the MCCI for the three cases is summarized in Table VII . Owing to the low temperatures, limited ablation, and relatively fast solidification, the MELCOR-1-A case resulted in limited gas generation. In contrast, both MAAP pour scenarios resulted in substantial amounts of gas generation. Radial concrete ablation in the edge pedestal, doorway, door exit, and drywell regions can undercut the reactor pedestal. In addition to concrete ablation, CORQUENCH predicts the transient thermal boundary layer thickness in the concrete using a 1-D approximation and the assumption of a parabolic temperature profile [10] . This is of interest, as concrete loses compressive strength at elevated temperatures [20] . Based on the parabolic temperature profile assumption, the position, x, relative to the debris-concrete interface, of a temperature isotherm, T(x), can be determined by Eq. (1), where T dc is the concrete decomposition temperature (specified as 1500 K), T i is the initial concrete temperature (specified as 322 K) and δ bl is the boundary layer thickness.
Based on Eq. (1), approximately half the boundary layer thickness is above 615 K and a quarter of the boundary layer thickness is greater than 985 K. CORQUENCH does not include any models to predict the structural integrity of the pedestal. However, prediction of significant concrete ablation and a large heataffected zone would suggest additional detailed modeling of the pedestal structural integrity may be warranted.
For the MELCOR-1-A case, the radial ablations of the edge pedestal and drywell regions were 2.2 and 0.0 cm, respectively. Compared with the pedestal wall thickness, 1.2 m, the predicted undercutting of the pedestal was very minor. The thermal boundary layer thickness in the pedestal wall at the end of the simulation was 5.9 cm on the interior wall of the pedestal and 1.6 cm on the outside wall of the pedestal. Thus the thermal-affected zone of the pedestal wall was also minor.
For the MAAP-HP-3-A case, the radial ablations of the edge pedestal and drywell regions were 16.3 and 11.5 cm, respectively. Thus 23% of the pedestal wall thickness at the base was predicted to be undercut by concrete ablation. The thermal boundary layer thicknesses in the pedestal wall at the end of the simulation were 39.9 cm on the interior wall of the pedestal and 38.1 cm on the outside wall of the pedestal. If half of the boundary layers were assumed to be a heat-affected zone, then a total of 66.8 cm at the base of the 1.2 m pedestal wall would be predicted to be either ablated away or in a heat-affected zone.
For the MAAP-LP-4-A case, the radial ablations of the edge pedestal and drywell regions were 14.6 and 10.3 cm, respectively. Thus 21% of the pedestal wall thickness at the base was predicted to be undercut by concrete ablation. The thermal boundary layer thicknesses in the pedestal wall at the end of the simulation were 36.2 cm on the interior wall of the pedestal and 33.8 cm on the outside wall of the pedestal. If half of the boundary layers were assumed to be a heat-affected zone, then a total of 59.9 cm at the base of the 1.2 m pedestal wall would be predicted to be either ablated away or in a heat-affected zone.
Parametric Study Results
Water addition and ingression
The base case CORQUENCH results assumed the containment was flooded at 15 h after SCRAM. It was also assumed that water addition was high enough to keep the debris covered with water. To bound the analyses, the case of no water addition was simulated.
As expected, with no water addition, the melt was predicted not to solidify within the 2 days of simulation time in CORQUENCH (Table VIII) . There was considerable ablation in the sump region as well as the other regions. However, the concrete ablation rates in all of the regions, except the sump, were quite low or zero at the end of the simulation. In the sump region, the ablation rate had slowed to 7.2 mm/h by the end of the simulation. For cases in which the cavity was flooded, the deep melt pool in the sump was predicted to quench primarily as a result of water ingression into the top crust. Without water ingress, a conduction-limited crust would form on top of the melt. For the current MCCI scenarios with melt decay heats in the range of 106-125 W/kg UO 2 , the conduction-limited crust thickness was in the range of 15.0-16.3 cm. Codes such as CORCON-Mod3 (in MELCOR) that do not model the water ingression phenomenon cannot quench deep melt pools without modifying the melt properties, e.g. increasing the thermal conductivity by an order of magnitude. Although they are not included in the parametric study, simulations performed with an impervious crust would be bound by the wet and dry cases.
Containment pressure
The Unit 1 containment pressure varied between 0.84 and 0.74 MPa absolute from 12-22 h after SCRAM [1] . In the long term, 168-270 h after SCRAM, the pressure decreased to 0.17 MPa absolute [1] . The containment pressure impacts the water saturation temperature, melt gas sparging rate due to coreconcrete interaction, the volume flow rate of the sparged gas which influences phase stratification, and the top crust dry-out limit due to water ingression. In terms of the debris coolability models, increasing pressure reduces the potential for, and intensity of, the melt eruption cooling mechanism [16] ; and the effectiveness of the water ingression cooling mechanism increases with increasing pressure. According to the Lomperski-Farmer water ingression model [14] , the crust dry-out limit scales roughly with containment pressure raised to the 5/13 power. Thus changes in containment pressure during the sequence will cause the relative contributions of these two cooling mechanisms to fluctuate in opposing directions.
CORQUENCH uses a constant, user-specified containment pressure throughout the duration of a simulation. Cases were simulated in which the containment pressure was set to 0.35 MPa for comparison against the base case value of 0.75 MPa. A reduction in containment pressure slightly decreased the melt coolability, delaying the time to melt solidification, and increased the total amount of concrete ablation. However, the debris was still predicted to be coolable.
Melt-concrete crust formation and concrete ablation modeling
CORQUENCH contains three concrete ablation models [10] . The first (Model 1) is a quasi-steady ablation model in which all the heat transferred to the concrete is applied toward decomposing the concrete. This model is the same as that employed in CORCON-Mod3 (MELCOR). The second model tracks the thermal boundary layer in the concrete, liberating water and other concrete decomposition products in the concrete as the thermal boundary layer passes through. In this model, the thermal boundary layer is initialized as fully developed. The third model (Model 3), used in the base case simulations, tracks the transient development of the thermal boundary layer in the concrete. The third model also models crust formation at the melt-concrete interface. Table IX compares the melt progression results in the sump region for the quasi-steady ablation model (Model 1) and the transient model with interstitial crust formation (Model 3). The high initial melt temperature of the MAAP cases prevented the formation of interstitial crusts. Therefore, the difference between the MAAP cases is due to the difference in the ablation model. Only the gases in ablated concrete were released using Model 1, which resulted in less oxidation of the melt and less flammable gas generation. The relatively cool melt of the MELCOR case resulted in the formation of interstitial crusts when Model 3 was used. These interstitial crusts acted to insulate the concrete early in the transient. Eventually, the interstitial crust re-melted and concrete ablation progressed uninhibited. The combined effect of the interstitial crusts and transient ablation model resulted in much less ablation during the early portion of the melt cooling transient for the MELCOR case. Melt progression predictions with tools that use a quasi-steady ablation model (e.g., CORCON-Mod3), and cannot predict the formation of interstitial crusts, will predict greater concrete ablation than tools that capture the transient process.
Decay heat level
The decay heat in the melt may be reduced by the volatilization of the radionuclides. To investigate the impact of reduced decay heat, the melt decay heat was reduced by 25%. As is to be expected, the decrease in decay heat increased the melt coolability (Table IX) . For the MAAP cases, in which no interstitial crust formed and there was a long core-concrete interaction, the 25% reduction in decay heat resulted in approximately a 15% reduction in concrete ablation in the sump region. For the MELCOR case, in which an interstitial crust formed and the melt solidified in a couple of hours, the reduction in decay heat had a minor impact on the melt cooling and concrete ablation in the sump region. 
Crust anchoring to concrete surfaces
Crust anchoring to the concrete sidewalls and subsequent separation of the crust from the melt pool was disabled for the base case (1) model setup. Because of the scale of the tests, crust anchoring has occurred in a majority of past laboratory-scale MCCI tests [10] . Crust anchoring was observed in the largest MCCI test, MACE-M3b, that was 1.2×1.2 m, used LCS type concrete, did not have ablatable walls, and lacked heating in the solidified material [17] . However, during the test, approximately one third of the anchored crust failed and relocated downward. It is unclear whether crust anchoring would occur in the 1.45 ×1.45 m sumps in 1F1. To investigate the possibility of crust anchoring, simulations were conducted with the crust anchoring model enabled.
Crust anchoring was predicted to occur in the sumps for every case, and continued concrete ablation after 2 days of simulation time (Table XI) . Only the MELCOR case was predicted to anchor in the edge pedestal region. The larger initial melt depth for this case allowed for a crust to develop that was thick enough to support itself. Finally, crust anchoring was predicted to occur in the doorway. Like the sumps, this region consisted of a small area confined by walls. However, there were only two walls; the other "walls" were debris in the neighboring regions. The unique boundary conditions of this region were captured only in basic detail. It is currently thought that crust anchoring and separation of the melt pool from the crust are unlikely at the pedestal scale. However, there is a possibility of crust anchoring in the sumps. 
CONCLUSIONS
The base case results of the long-term debris coolability analysis with CORQUENCH assumed sufficient water was injected into the containment to cover the debris, starting 15 h after shutdown. Under this condition, the simulations indicate that the melt was coolable over the long term. The predicted concrete ablation was less than the extent necessary to reach the liner through downward melt progression. The MELCOR case, which contained relatively cool melt, readily cooled within 2.5 h after relocation with limited concrete ablation in the sump regions (~18 cm) and less than 10 cm ablation elsewhere. Seventysix kg of hydrogen and 103 kg of carbon monoxide were predicted to be generated during core-concrete interactions. The MAAP cases, which contained relatively hot melt, cooled approximately 22.5 h after melt relocation and resulted in 65 cm of concrete ablation in the sump region and less than 23 cm elsewhere in the containment. Large amounts of hydrogen (700 kg), carbon monoxide (750 kg), and carbon dioxide (490 kg) were predicted to be generated during concrete ablation for the MAAP cases.
The CORQUENCH calculations predicted that even though very deep melt pools may have formed during the 1F1 accident as a result of very high predicted core release fractions [1, 2] , the debris is coolable. This is primarily due to two factors. First, the decay heat was relatively low several hours after SCRAM. Most of the MCCI experiments to date have simulated decay heat levels that are representative of 2 hours of decay time after SCRAM. The decay heat level in the current simulations was approximately 1/3 that of the previous experimental and analysis focus. Second, the debris dry-out heat flux, as predicted by the Lomperski-Farmer model [14] , was augmented by the high containment pressure (scales to the 5/13 power with containment pressure). However, the dry-out limit was reduced by the addition of concrete oxides. For the MELCOR cases, there was very limited concrete ablation and the dry-out limit remained high. For the MAAP cases, there was concrete ablation, with considerable ablation occurring in the sump region, resulting in a reduced dry-out limit. However, as the concrete was laterally ablated in the sumps, the cross sectional area in contact with the overlying water increased. For both the MELCOR and MAAP cases, the net effect of these factors resulted in dry-out limits that were high enough to remove the decay heat even for the deep melt pools in the sump region. Note that the water ingression model was adapted from a theory developed for the field of volcanology; it has been successfully compared with field data for the cooling of several meters of lava [21] and is supported by the results of the reactor-material SSWICS test series [22] .
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